In the paper we propose and test a "gel-drying" method of obtaining porous oxide glasses in Molecular Dynamics (MD) simulations. The simulation is started with low (screened) values of ionic charges. Then, the charges are gradually increased (to mimic the gradual elimination of a polar solvent) up to full ionic charges (a completely dry gel). This computational trick is applied to produce a porous PbSiO 3 system. The structure of the resulting low-density samples is analysed in detail. Then, the porous structures are submitted to spontaneous densification, and the structure of the obtained dense bulk glasses is analysed. Finally, the structures of bulk glass obtained via spontaneous densification (density ρ = 8250 kg/m 3 ) and bulk glass of the same density obtained via isotropic compression are compared.
INTRODUCTION
The classical Molecular Dynamics (MD) method [1] [2] [3] [4] [5] consists in a numerical solution of equations of motion of many interacting particles. In the case of bulk amorphous solids a cubic simulation box is usually used, with periodic boundary conditions along the xyz directions. The initial particle positions are often generated using the skew start method [5] , whereas the initial velocities are generated at random from the Maxwell distribution of the desired temperature. The direct simulation results are the positions and velocities of all the particles at each time-step. The obtained atomic configurations can be subjected to a structural analysis, while proper averaging along the trajectories yields the thermodynamic parameters of the simulated system. In order to simulate the structure of oxide glasses, Born-Mayer-Huggins potentials with full ionic charges are often used. Usually, the glass is initially prepared as hot melt (at the temperature of the order of 10 4 K) which is then slowly cooled (e.g. at the rate of 10 13 K/s) to room temperature. However, the above-mentioned procedure does not work if one wants to simulate low density (porous) phases of ionic systems, in which case a special approach must be developed. The problem is that while having to interatomic potentials like the Born-MayerHuggins ones at our disposal, with full ionic charges, correctly reproducing the bulk properties of a given material at normal density, and starting a constant-volume simulation at low density (e.g. 10-20 times lower than the normal density), the periodicity readily breaks and one obtains a single, roughly spherical cluster of normal (or somewhat higher) density. In order to obtain a porous medium one can mimic a kind of fictive "gel drying", i.e. to start the simulation with low ionic charges (screened by a fictious polar solvent) and slowly increase them to reach their full nominal ionicity. The fictive solvent molecules are not simulated: their presence appears only in the charge screening of the gel ions. In such a way one can obtain a "porous material".
The obtained porous samples, when further simulated under isobaric conditions with null external pressure, densify spontaneously (collapse). During such densification a great amount of thermal energy is released at the cost of a decrease in potential energy. Therefore, the system must be cooled in the process, e.g. by direct velocity scaling.
In this paper we test our "gel-drying" method for the PbSiO 3 system. This choice is justified by the fact that we have already published a series of papers on the structure of lead-silicate glasses [6] [7] [8] [9] , so that the present structural results on low density and collapsed phases can be compared with the structure of normal-density and slightly compressed or expanded samples of the same chemical composition.
The paper is organised as follows. In Section 2 we describe in general the simulations we have performed and present the raw simulation results. In Section 3 the short-and mediumrange structures of the obtained low density phases are described. Spontaneous gel densification and the structure of the resulting dense glass are described and compared with the structure of the low density phase in Section 4. In the same Section the present results obtained with the "gel drying" technique and spontaneous densification are confronted with the structure of glasses obtained previously with the melt cooling technique. Section 5 contains our concluding remarks.
GENERAL CHARACTERISTICS OF THE PERFORMED SIMULATIONS AND METHODS OF STRUCTURAL ANALYSIS
The simulation box contained 2500 particles: 500 Pb +2 ions, 500 Si +4 ions and 1500 O -2 ions. The box edge length, B l , was density dependent: for the density of 300 kg/m The particles were assumed to interact according to the Born-Mayer-Huggins potential:
where i and j are the indices of the atomic species (Pb, Si, O). The coefficient values are reported in Table 1 . Table 1 . Coefficient values of potential (1) [10] The most important feature of the present simulations was a gradual increase of the ionic charges, from 10% of the full ionic charge up to the full ionic charge, with a 10% step (ten subsequent charge states). The same computational scheme was applied each charge state:
thermalisation to room temperature (300 K) using temperature scaling over 30000 time steps, and the system sampling over 10000 time steps. Thus, the final particle configurations of low density (porous) systems (see Fig. 1 ) were obtained after 400000 steps (time step, Δt = 10 -15 s).
Then, the final low density atomic configurations were used as initial configurations for further simulations under the (NpT) conditions with null external pressure. The initial porous systems collapsed spontaneously, and uniform bulk glasses of high density were obtained.
In our simulations an extremely "delicate" temperature scaling scheme was applied: the velocities were scaled to nominal temperature T nom = 300 K only if the rolling average of temperature, calculated from the moment of the previous scaling, went beyond the (T nom -ΔT, T nom + ΔT) with ΔT = 100 K interval. Usually, the last temperature scaling occurred before step 20000 of the thermalisation runs. In consequence, the temperature during the sampling runs was somewhat different (by several K) from T nom . The simulations were performed using the mdsim code [11] . The only structural information directly accessible after execution of the simulation program are the pair radial distribution functions (RDFs).
To describe quantitatively the obtained RDFs, Γ-like profiles have been used [12] [13] [14] : (2) where N is the coordination number, R -average distance, σ -standard deviation, β -the skewness parameter.
A more detailed analysis of the final atomic configurations has been performed using a number of tool programms, contained in the anelli package [15] [16] [17] . In order to characterize
quantitatively the disorder degree of tetrahedral Si04 structural units we have used the following shape estimators: (3) and (4) are shown in Fig. 2 . Now, using the minimum square difference criterion, one can individuate a q value that produces the T distribution best conforming to the MD-simulated T distribution. This means that the distortion degree of tetrahedra (in our case the SiO 4 structural units) can be characterized quantitatively with a single parameter -the best fit value of q.
Partial RDFs (i.e. Si-Si, Si-Pb and Pb-Pb spatial correlations) could be used to describe the medium-range structure (mutual arrangement of CA n structural units, C -cation, A -anion). However, interpretation of these correlations in ambigous, and the cation-anion ring statistics seem to better characterize the medium-range structure better. The basal cation-anion rings have been calculated using the Balducci-Perlman-Mancini algorithm [15] [16] [17] [18] [19] [20] .
THE STRUCTURE OF LOW DENSITY SYSTEMS
The first two subsections are dedicated to the structure of Si +4 and Pb +2 cation environments, respectively. The medium-range order is characterised in the third subsection. Tables 2 and 3 .
The Si-O correlations show a sharp first peak for all the densities, with the most probable distance of 1.64 Å, the same as in the normal-density glass [6, 7, 10] . A more detailed analysis of the first peaks has revealed the existence of two fractions of bond-lengths (see Fig. 3 and Table 2 ).
Let us now discuss the first, main peak. The average Si-O distances amount to about Fig. 3 and Table 2 ), and of course the O-O-O angle should equal 60° (cf. Fig. 5 ). The σ 2 parameter of the main Si-O subpeak of the first peak is almost independent of density. Thus, the vibrational amplitude of the Si-O bond, taken together with the structural disorder, only weakly depends on the system's density. Such a high deformation degree is mainly due to the structural disorder in the free surface built from the faces of the SiO 4 tetrahedra (see Fig. 1 ).
Pb +2 ions environment
The most probable Pb-O distance amounts to 2.3 Å for all the considered densities.
The Pb-O radial distribution functions are shown in Fig. 6 , whereas their structural parameters are listed in Table 4 .
The two fractions of bond lengths cannot be related to any single dominating structural some (no more than 5%) 2-member rings appear -they correspond to edge-sharing SiO 4 tetrahedra. In general, the obtained ring length distribution is obviously shifted towards the shorter rings in respect of pure silica, where 6-, 7-and 8-member rings dominate. This is due to the presence of Pb ions in the structure. 
SPONTANEOUS COLLAPSE OF LOW DENSITY STRUCTURES AND THE STRUCTURE OF THE RESULTING BULK GLASS
Spontaneous densification of the low density systems has been realized as an (NpT) run, with null external pressure, restarted from the atomic configuration at the last time step of the (NVT) simulation at low density. The time-dependence of density during the process is shown in Fig. 8 . The final bulk glasses have a very high density of 8000-9000 kg/m 3 . Their structures are very similar, therefore we shall concentrate on only one of the high-density systems (ρ = 8250 kg/m 3 ), obtained from a system of initial density equal to 1200 kg/m 3 .
Spatial correlations between all the atomic pairs are shown in the left-hand columns of
Figs. 9 and 11 and the related structural parameters are listed in Table 5 . 1.The most probable and average interatomic distances, angular distributions and coordination numbers for the first neighbours are essentially the same for both systems. This suggests that the basic structural units are also the same.
2. The similarity of the cation-anion ring statistics suggests similar medium-range ordering of both systems.
3.The latter conclusion is supported by the fact that the cation-cation (Si-Si, Pb-Pb and Pb-Si) spatial correlations also reveal a high degree of similarity, see Fig. 11 .
Thus, both ways of obtaining the high-density phases, i.e. spontaneous densification from a low-density state and slow cooling from hot dense melt, lead to glasses of the same structure.
CONCLUDING REMARKS
In this work we have proposed a new "gel-drying" method of obtaining low-density (porous) oxide systems. The method consists in a gradual increase of initially screened ionic charges to their full values under constant volume conditions. The method has been proven to work for PbSi0 3 systems. However, the final low-density structures collapse spontaneously under (NpT) conditions with null external pressure. As a result one obtains high-density homogeneous structures. High-density collapsed PbSiO 3 systems have the same structure as same-density systems prepared from dense melt. Whether this interesting result might be extended to other systems remains to be seen until performing simulations for other compounds.
Moreover, the structures of low-density (porous) and high-density (densified) PbSiO 3 phases have been described and compared in the paper. A detailed comparison of the structure of densified PbSiO 3 glasses with the structure of the same glass at normal density, i.e. 5970 kg/m 3 , has been presented in [9] and has not been repeated here.
